Abstract: This research presents a method of modeling and numerical simulation of a reluctance stepper motor using reduced finite-element time-stepping technique. In presented model, the circuit equations are reduced to non-stationary differential equations, i.e. the inductance mapping technique is used to find relationship between coil inductance and rotor position. A strongly coupled field-circuit model of the stepper motor is presented. In analyzed model the magnetostatic field partial differential equations are coupled with rotor motion equation and solved simultaneously in each iterative step. The nonlinearity problem is solved using Newton-Raphson method with spline approximation of the B-H curve.
Introduction
A stepper motor, as its name suggests, moves one step at a time, unlike those conventional motors, which spin continuously. If we command a stepper motor to move some specific number of steps, it rotates incrementally that many number of steps and tops. Because of this basic nature of a stepper motor, it is widely used in low cost, open loop position control systems. Open loop control means no feedback information about the position is needed. This eliminates the need for expensive sensing and feedback devices, such as optical encoders. Motor position is known simply by keeping track of the number of input step pulses. They are used in consumer products, computer technology, complex drives and machines etc.
Classically, the analysis of field-circuit systems is composed of two parts: the analysis of electric circuits described by differential equations, where magnetic flux is a function of field potentials and magnetic field described by boundary value problem [1, 6] . Many researchers propose numerical procedure to investigate the coupled system of equations [5, 8] . Unfortu-nately, strongly coupled field-circuit models have disadvantages related with good definite of global matrices of equations system. Sometimes they lead to stability loss of numerical solution.
In the work a standard model with electric circuit equations considered as a function of field potentials is compared with a surrogate model, where the circuit equations are functions of non-stationary inductances.
In this paper the modeling method and its numerical approach is examined using the fou-phased variable reluctance stepper motor. The time stepping finite element approximation including inductance maps is applied to calculate the coupled field-circuit problem also considering mechanical motion. The validity of this method is also verified by the experiments.
Modelling technique
Standard analysis of the electromagnetic systems is composed of three parts: analysis of n-phased electric circuit [3] :
An above equations are expressed by impedance matrix, where n = 1 ... 4 (four-phased motor model). The analysis of electromagnetic field constructed as the following boundary value problem [6] :
The magnetic vector potential A is the magnetic field variable, μ is a permeability and j is a current density of the winding. In this model the eddy current problem is ignored, because the stator and rotor are laminated.
The second order differential motion equation (3) consists of magnetic moment M which is a mechanical excitation, rotor inertia J, friction b and rotor angle Θ [1, 3] .
Analysis of the mechanical motion is following [1, 3] :
In case of the rotational system, the displacement of the rotor can be assumed as a one degree of freedom motion problem which is performed along axis φ.
Assuming that the magnetic circuit is linear and the coil inductances are independent of the stator current excitation, a relationship between the rotor position and windings inductance can be determined and written in lookup tables which are exactly called maps of inductance. In this fact creating a surrogate non-stationary circuit model, including inductance maps can be very helpful and useful in simulation.
In many electromechanical systems, the torque generation can be explained using the principle of electromechanical energy conversion in a solenoid. The solenoid has N turns, and when it is excited with a current i, the coils sets up a flux Φ. The incremental mechanical energy in terms of the electromagnetic torque and change in rotor position is written as [2, 5] :
T W (5) where W m is energy converted into mechanical work, T e is the electromagnetic torque, and 2 is the incremental rotor angle. If the inductance is linear vs. the rotor position (i.e. inductance does not depend on the current), then the torque can be derived as [1, 2] and numerically:
The differentiation of the inductance can be considered in evaluated model with quasi-constant torque expressed in Nm/A 2 . It means, the surrogate model of reluctance stepper motors is equipped with non-stationary equivalent circuit [1, 2, 4, 7] . In this way the circuit equation (1) is simplified to non-stationary initial value problem:
In these types of motors the mutual inductances are small enough (Fig. 4) to be excluded from calculation [1] .
Numerical experiment
A variable reluctance stepper motor is considered in numerical experiment. The device consists of four-phase windings with eight slots. There is examined 2D problem using 3D first order approach, in which the eddy current problem is neglected. The data of the motor are presented in the Table 1. The simulation is performed for the model with 145 440 nodes. The mesh of the coupled model is shown in Fig. 1 and Fig. 2 . The stepper motor consists of four windings with 108 turns each excited from pulse current source. The mechanical parameters of the rotor are: moment of inertia J = 8.5 gcm 2 and friction b = 10 -5 Nms. In the model the rotor as well as the stator are considered as magnetic material characterized by B-H curve. The significant changes of inductance profile are determined in terms of the stator and rotor pole arcs and number of rotor poles. Phase inductances versus rotor position are shown in Fig. 3 for a constant phase current. There also exists relatively small mutual inductance between phase windings (Fig. 3) . So, in the modelled problem they can be excepted in simulations. In analyzed stepper motor model, the inductance depends on rotor position such as is presented in Figure 5 . When the functions are placed in lookup tables as maps, then motor circuits are strongly simplified and makes the numerical solution easier and faster.
The displacement responses presented in Fig. 6 proves that the accepted technique is correct.
Step response signals are identically and the time consumption of the calculation is significantly reduced. For computation one step displacement which is presented in Fig. 6 the gain is about 70 percent. 
Conclusion
This paper shows how to create useful and simplified stepper motor model based on reduced field-circuit description. The simulation experiment shows that all properties of stepper motor are obtained.
Step response has oscillations and steady-state position is equaled to basic step. This approach is helpful, when the equivalent circuits are built with the condition of the magnetic circuit linearity (without saturation). An advantage of this approach is reduced time consumption during simulation, especially in case of closed-loop analysis with controller or optimization needs. The proposed method can be used to design electromagnetic drives and may contribute to the improvement of the drives dynamics. The phase inductance L of a SRM is determined by the phase current I and the rotor position θ and is a highly nonlinear function of both rotor position and phase current. It is well known that the ANFIS (Adaptive NeuroFuzzy Inference System) is a very powerful approach for building a complex and nonlinear relationship between a set of input and output data. For this reason, in the next work, the phase inductance of a SRM will be calculated by using a method based on the ANFIS.
